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Abstract

The Cryo System Experiment was developed to validate in near zero-g space a 65 K cryogenic system for focal
phrncs, optics, or other imaging instruments that require conti~iuous  cryogenic cooling. ‘1’wo  key cryogenic
technologies, designed to improve pwformance  of systenls  for scientific, commercial and defense aJ>plications in
space, were successfully demonstrated on NASA’s recent shuttll~ mission, I)iscovery (STS 63), launched on
February 3 - 11, 1995. The two advatlced cryogenic t~hnologim  consisted of a 2-watl  65 K long-life low-
vibration Stirling cooler, and a diode oxygen heat pipe thermal switch. Prwented are highlights of the flight
experiment and the effectiveness of lessons learned from the system integratior~  of cryocooler and heat pipe
technologies relating to: launch-vibration restraints for the expandrr  cold-tips, a high-compliance thermal strap to
minirnim  side loads on the expander, and the value of on-olbit  diagm~stics  to ckwk s[atus c}f the cryocooler.

INJ’ROIXJCTION

The Cryo System Iixperimcnt  (CSII) achieved its objectives, demonstrating, the rllggedness  to withstand the
space shuttle launch vibrations, and characterizing the performance of twc~ themml  mrmagement  technologiw:  a
I1ughe.s  2-watt 65 K long-life low vibration Stirling cycle. lrnprove~l Standard Spacmraft Cryoeooler (lSSC), and a
I]ughes expcrimcmtal diode oxygen heat pipe that enables large physical sc.paratio]l between the cryocooler and a
thermal load, and also provides on-off switching to linlit re.verst..  heat flow wlml the cooler is turned off. In
addition to the flight performance dfita (Hughe-s  1995), an important result of the experiment was the
establishment of flight-heritage data that thoroughly dmnonstrat<s  the system’s flig}lt qualification status and
compliance with launch vehicle safety and cryosystem integration constraints.

The ISSC, which provided >1.2. watts of cooling at 60 K dur-inp the, flipllt expcr inmt, is an improved version
o f  t h e  6 5  K  S t a n d a r d  S p a c e c r a f t  Cryoc.oo]er  (SSC) developd by }]ughcs under Air Force Ph i l l i p s
l~boratory/Ballist  ic” Missiles Defense Office (AI TL/lIM  DO) sl}msorship. ‘1 ‘he ISSC consists of a conyx&$or
cmnected to an expander by a transfer tube and the control electm iicx. It is the fii St U.S.-built long-life Stirling
cooler to operate in space. Its continuous performance over th(. course of thti eight-day mission equaled its
pcrformnce  during ground testing. ‘l’he experiment was complemented by a groutld-based  life-test program,
funded by the DoD. At this time two ISSC life-test coolers have each dcmonst  rated over two years of continuous
operating tinw, the life teats are ongoing and am anticipated to eontinuc for the next swe.ral  years.

The scwond  cryogenic component succ.ewful]y demonstrated was a diode oxygen hed pipe. The diode oxygen
heat pipe is designed to provide a high-conductance path betwm, the cryogm,  ic. load and the cryocooler, when
opcrat ing in the “forward mode. ” The diode nature of the heat pipLt limits heat conduction in the reverse direction
(“reverse-mode” operation) when the cooler is turned off.

Prior to the CSE flight experiment, diode oxygen heat pipe chmacterization tc.sling was limited to laboratory
vacuum chambers. Due to the poor capillary pumping capability of oxygym,  ther~ had been serious concern that
one-g testing was optimistically influenced by puddle flow. A key objective of the C.SE was to generate a zero-g
teM database to rtxsolve this issue. The shuttle based e.xperirnent  rwolved a key technical concern by demonstrating
that the diode. oxygen heat pipe does work in the near-z.a o gravity of space..
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lWURli 1. Cryo System Expcrimenl Mechanicfil Subsystem }Uock  l)iagram.

In addition to the ISSC deaeribed above, a second type of cryocooler  was used. ‘J’his rt)tary drive, tactical piston-driven
Stirling cooler was  designed by }Iughas  to have a relatively large coding  capacity arIcJ an anticiJx+ted  life on the order of
1000 hours. This cooler has succcsfully  flown on previous shut[le  flight exjxxinwlts to support a rapid coohfown,
allowing more time for the actual experiment to be performed at cryqwnic  temper-at urc. lts prcxtece.wwa have been wed
10 cool sensors h aircraft and nliscsile++  where mechanical robustnm..  w)(I insemit ivit y to vibrat ion am. key requirements.

Ijigure 1 is a block diagram of the (Xi with the ISSC coniwcted to the simulated trij~le-point (3”RP)  maw through a
thermal heat strap. One tactical cooler is connected throu~}l the dicxJe oxygen heat pipe to the opposite side of the
simulated ‘J’W. This physical armng,e.ment was selw.ted  to rcxhrce.  risk should a fiiilurc occur within the heat pipe or the
lSSC. In an operational systcm the diode oxygen heat pipe would be located between the. ISSC and the thermal energy
storage device,. A second tactical cooler was used to lninimize parasitic by c{)oling a radiation shield to a
ten~J>erat ore of 130 K. In a non-shuttle flight systcm,  shield coolin~ is generally provi(fcxl by a cryogenic radiator.

I.ESSONS 1.EARNED

An important thrust of the. CSH  wa~ the integral ion of the. e.ryocoolt..ra  into this cryogenic system. As long-life, low-
vibration cryocoolets  transition from an emerging to an enabling technology, the f{ws shifts from cooler performance.
i.swes (volume, masx, thermal, input/output power, e.Jwt rical) to system compatibility and integmt  ion issucx+, ‘J’he.
fo]lowhg paragnrphs  sLmmvwi7n  the rWLdtS of the. ]e.%sons  learned (Su~inmra  ]9%)  dul ing the system integration phwe
of this shut lle-flig,ht experiment.

I ,mmeh Vibration

A key challenge was to resolve the iwre of launch vibration and the impact to the cryoc<xder  expanders. The expander
cold finger, a relatively thin-wall, hollow tLdx in which the expander piston shuti]es,  is necasari]y  thin to n~inin~i7fi
parasitic thermal loads due to axial heat transfer. Although by itself the expander cold fii,gcr may k considered relatively
robust, it is neawary  to include a thermal  transfer path to provide, cooling to the load. This is accomplished by an
interface betwmn  the. expander cold-tip (usually a copper Mock) and a flexible the.rmd strap to provide a path to the
thernxd  load. The supported interfwe ma..ses at the cold-tip for the ISSC totaled 2S0 gm (0.55 lb) and for the tacticaJ
coolers totaled 164 gm (O. 36 lb).

‘J’he si7&le interface mmscs attached to the cold finger  tip can crest,. a significant dynamic load on the. expander cold
finger during launch. To prevent damage due to the launch vibrati(,ns, all thrw of the cryocoo]er  were fitkxt with
constraint nwchanistm  designed to limit cold finger  move] ncnt. The CW vibration const mint dmigns consist of two
different G-1 O fiberglaw config,umtions:  one for the lSSC, and onc for the. two tactical cryocoolers. Subsequent to
a.ssctnbly, the system was vibrtded  to proto-flight qualification levels without incident. Post-flight experiment
diwwsembly revealed that both G-10 fiherglaw cxmstraint  designs proved adequate to protect the cryocooJer  expanders
from launch vibration damage, w well as from landing impact and trmqmrt  vibmlion  dmage.
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‘]”AIll .H 1. Predicted C,Id-Tip Loads for the O@inal arid Modified TIWI I I d Strep Dmigns.

—.———— — — . .~__:= —-- —
Load

———— — .
II Oripinril (tb) II Modified (lb)

..—. .. —-—— ,r_ . . . ====_,,_

Vactnun induced lid load - 0.012“ cold-tip nmvcnmrt
– 11----  ‘- ‘- ‘--0.25 4 0.12

.  ..— — —

‘rhcrlmd  ccmtracticm  load -0.020” cnntraclior,  of TRP
----- 11 . . . ..- -. ‘“43 JI

0.20
—— — ——-—- .._-— —. ,r. —.-=. —  ._ _— .

Total anticipakd  Imads

lJnanlicipatcd mechanical intcgrfiticm  load - Pr&rad
——. — .- -----”:::::~::.’u_~i:” -::---”:— - .— - — . - — - - — . —

Total bad >1.78 0.83
—: —. .=  ,=:,  ~=

Margin @ 1.4 lb, max. acccptnblc  load
[ . .

-21% 40%
- -  ——-—  —-.----——=. =- ——.—-.  - -==== — -  - -  —- - . . . ..— —

JJig}KlmlpliaJlcC ‘1’h(nlnd  S-

Design of the thermal strap connecting the lSSC cold-tip to the cryog,mic load was  care.fLdly  considered to optimim two
conflict ing critical characteristics of the strap: thernud cord uckwce and nm.hanical s[i ffl le.%%. 1 t is desirable that the
eon(luchncf.  be high ( >0.5 W/K) (IUC to the skong clcpmlence  of cooler efficiency on cold-tip temperature, and that the
sj~ring rate be low due to the sensitivity of the. expander cold finger to ] Iwhanical  side loads.

‘lkhle 1 sununari7cs the prcdictcd cold-tip loads for each of the cnnl ritxrtive fbrc~s for both the original and modified
thermal strap designs. The “unanticipated loads” are the result  of ur,avoidable,  bui slnall alignment errors introducxxl
where mechanically integrating the. thermal shzrp into the. system. “J’hc l~wson leaIucd  is that this-load must be allowed for
when specifying the acceptable thermal slrap spring rote. “l”he conclusion was that tile 1.78 lbs maximum side load
imposed on the expander cold-tip by the  original t.hernwl strep WA< too la~ge. It was shown that due to the close
tole.ranc~~ within the ISSC, the total combination of forms fl om the tlwrmal strap pl ekmd, thermal contraction loads and
the additional f[me created by the canister lid deflection, wm sufticimt to cause umtact. ‘l’he goal wa~ to incrcme the
mechanical cmnpliarm  at the cxpen.sc of somewhat lower thermal con(luctance, and thcd)y to reduce the side+d force
imposed on the cold finger.

The original dtxign provided a thermal resistance of 0.5 KM’ and consisted of 39 Itiyers of 0.004” x 1.5” of OIUIC
copper, giving a total cros-.sectional  area of 0.234 in2. I’he layers at each end of the s[rtip were soldered together. The
design cmczpt  after modifications, Fig. 2, resulted in a themal  rwi<trmce  of 1.1 K/W’ and had 34 layers of 0.004” x
0. 8“ of O1?lIC  copper; the resulting total crosx-seetional area is 0.109 in2.

Figure 2 shows the modified thermal strap design and identifies tile referwlce  axw used in Table. 2, a eornparison
between the memured thermal strap spring ratm for the, original and nmdified  designs. ‘1’hew was no contact between the
displacer and cold cylinder sidewall  after installation of the strap, or tifter attaching the. upper end plate rind eNablishing
vacuum conditions within the canister. ~’he.  mechanical syslem  was vibrated to protot ylr, flight qualification levels,
sLlbjecttd to thernud-vacuum  tmt, and sucwssfull y comph?.led  the. fiig~ it experiment without incident.
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FLIG1lT  EXPERIMENT HIGHIJGI1’IS.

‘l’he flight experiment tirneline was ickmtical to the ground test timelirw used itl the pre-flight  thermal-vacuum
qualification test, and consisted of five phases: (1) ground hold, launch and system checkout, (2) on-orbit
cooldown, (3) main flight experiment, (4) exte.ndcd fli~}lt cxpcri me.nt and (5) post-experiment shutdown. The
main flight experiment consisted of thre~ cycles of heat pipe tests ~t 63.5 K and the lSSC test at a nominal 60 K.
The extended experiment consisted of an additional heat pipe test rx.ries at 80 K (three cycles) and continued ISSC
testing. q’hc main experiment temperature responses for tlm ISSC, l,eat pipe and RS cryocoo]ers are shown in Fig.
3, with Mission Elapsed Time (MF;T)  as a function of tenlperature.

Diode oxygen  I Ieat Ilpe Tests

During steady-state conditions, at nominal operating temperatun.s  of either 63.5 K or 80 K, the forward-mode
heat pipe conductance, G,,.OW,,,~,  was:

0.54 W/K s Gl,-,<,.~ 20.66  W/K at 63.5 K, and

0.88 W/K < GI,0m,4,~ >1.08 W/K at 80 K.

The results of the heat transport test demonstrated that the heat pi}w can tl anspor(  the 1.95 watt of heat load with
the overall temperature drop from condenser to evaporator limited to 2.95K. ‘l”he ftigl]t test results showed a slight
improvenwnt of heat pipe pc.rformance,  over ground test results ohtairwl  during he~t pipe qualification tests at
both 63,5 K and 80 K, Table 3. I’hcsc  results arc cent rary to heat ]]ipc conlmunity expectations, and further study
and evaluation of the flight ICS1 data arc required before this result is fully undcrs(ocrd.

}Ieat pipe flight test performance, as summarized in q’able 3, is conlpartib]e.  with thermal-vacuum ground test
results for reverse-mode conductance and start-up and shut-down t T ansition t i me.s. Rewwse-rnode  conductance was
demonstrated with the evaporator being maintained at essentially the .sarnc  te.mpe.mture as in the forward mode.
whi Ie increasing the condenser te.1 nperat ure. until there was a t empcl-at Lwe di ffere.nce of 80K or greater bet wwm  the
two regions of the heat pipe. (~ig. 3).
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‘J’AIH  ,113. Comparison of }leat Pipe. I/light smd Ground ‘J ‘est Results.
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‘I’ransi(  ion ‘1’imc.

During steady-slate comlit ions, at nominal operating te.mperaturm  of either 63. SK or 80K, the rever.se-ruode
heat pipe conductance ,Gk,v~w,, is in good agreement with ground I,;st data (J’able 3):

0.008 W/K < G~,,,{ ~, >0.01 W/K rit both 63.5 K and 80 K.

The time required to complete heat pipe start-up was approximately 40 n]inuksj  and was consistent with
suhseque.nt  start-up t ime.s during recovery from successive 60 K ) overse-mode  biise.1  ine heat piJ}e tests, and from
the extended 80 K tests as well. Observed flight and ground test startup pcrfot nmtlcc results were essc.nt iat ly the
same, and rccordcd  startup times were both on the order of 30-40  miimtcs,  The data trasc is sutTcicnt to cslablish
if start-up is limited by tbc thcrmat mass of the TRP o~ lhc heat pip: dynaniics.  Ful ihcr study and cvaluat ion of the
data arc required to fully assess the Jliid dynamic behavior.

The observed shutdown times were approxinurte]y  one hour for fitl cycles at both 63.5 K and 80 K, These times
are in good agremnent  with the ground tc.st results, as shown in Tal Je 3.

Additionally, due to an unexJw.cted test result in which the diode heat piJw once ftiiled to easily turn off, furiher
tests were. conducted. These additional tests confirmed that the radiation shield (RS) cooler vibration level, which
is much higher than the, lSSC vibration Jevel, aJ>parently acts to enhance wicking in the. heat pipe, themhy making
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it more difticult  to shut clown the pipe. ‘I’his is an important heretofore unobserved zero-g  effect that has be-en
postulated by Jones and Wu (Jones 1995) to possibly be due to the Coanda boundary layer effect  (l~chmann
196 1). Curiously, vibmt ion of heat pipes in a one-g field has bez.n showri  to act utilly  deter performance (1 Iuber
1993), possibly due to the fact that gravity may force the wick fluid to fall out when vibrated. Additional study of
the data is required to fully assess the implications of this effect for space. USC, of both diode heat pipes ancl
conventional heat pipes.

ISsc ‘1’Cd

The tcsi objectives were to demonstrate startup and cooldown and gcncratc a data base for comparison with ISSC
performance documented during tllcrfllal-~acllull]  ground test, Dut ing periods of s[cacly-s[atc  operation the lSSC
dcmonst rated cooling capacity > 1.2W al 60 K, with a heat reje-[ion tell qmratu] e at the cryocoo]er mounting
surfaces ranging from 300 K to 310 K. Both 1 SSC flig}d ICSI transicni  pc.rforlnnl)ce,  data during cocrldowl~  and
ISSC steady-slate flight  test pcrformncc  at 60 K and at 80 K were comparable to ground test transient thcrn]al-
vacuum performance data.

The ISSC wm designed with very C1O.SC tolerance, non-contacting, n~ial-to-nwtal sutftic~s between the expander pislon
and its cylindrical cold finger sidewall. lnc.htded in the dmigrl is an electrical ~wistancc  measuring circuit that indicates
any nwmcmtary or prolonged contac( bclwccn the, e,xpanckx piston and its cylinder sidewall, or its end stops. This circuit
has proved essen~ial in a numlwr of diagnostic situations dLlring  both the sysle.m integration prcwx and the flight
experiment,

For example, during the. quick functional tesl, the ISSC e.xpandel piston was stroked to verify operation prior to
stalling tlm flight experiment cooldown  timclirm. I irll piston stroke wm achieved with no contact indicating that the
cryocder  piskm W*S properly aligned and that the cold finger  did not have exemsivc side loads itnpo.scd on it by the
thermal strap, rewlting in a high lCVC1 of confidence. that the cv yrrcoole.1 had lm.M ul,affi:ctcd  by launch vibrations.

‘l’he cmoler  compressor and expander designs incorporate the capability to use the. position of the piston as a function of
drive curnmt to obtain a plot of the hysterwis or dmg of the pistons against the. cylir,ckx side. wall. ‘l’his circuit was used
extensive] y throughout the flight experiment to validate, cooler cleara.ncess,  and du] it(g both cryowoler  and heat pipe
flight experitnmts with no indication of piston/cylinder CQntfict. This validation is th[: only means to confirm that the
cmnprewwr pislon sLlspension  syslem is operating sat isfiactoril  y follmvh Lg system intepriit ion and qual iticat ion tests.

During the cx[cndcd  flight cxpcrimcnt interval a series of s[cad?+atc cooling load points were obtained as a
function of load tcmpcraturc  with lSSC motor power as a paramclcr, The result i nf, flight load and power curve is
prcscnlcd in Fignrc 4, relative to grourld  test data, ISSC Wrforlllancc (cooliilg capacily vs. load tcmpcralurc)
incrcascd slightly in flight results rclat ivc to ground results. Post -fli[’,ht  tcsls of tbc 1 SSC performed at GSFC and at
llugbcs  showed no diffcrcncc between prc.-fligbl  glound pet fo] mancc and post-flight ground performance.
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The eight-day flight experiment enabled CSE to validate the wro-g  operation c>f a Hughes ISSC, and a Hughes
diode oxygen beat pipe thermal switch. Both CSIi thermal manayernent  technolc>gie~  are strong candidate for use
in future  NASA (i.e., Eu-t.h Observing System) and DOIJ  (Space Missiles and ‘Ikticking  Systems, fom~erly Brilliant
Eyes) cryogenic subsystems rmociatcd with precision space-sciencz  irustrwnents  being d=igned  for 5- to 10-year
lifetimm The CSE illusstratea  an important type of NASA space  flight experimerd  in which enabling twhnologim
are validated to provide the option for subsequent application in ]Iear-future  spaci. system developments .

The CSE .sucmssfully  completed all mission objectives, and far excoekl  expectations in term of the test
apparatus performance and in the wealth of micro-gravity data c,btaincd. These rewlta  are available for study by
the heat pipe and cryocooler  community, yielding new insights into tic, thermal and fluid dynamic behavior of
heat pipes operating in zero-g and into the robustness and zero-g performanti  of Stirling cycle cryocmolers.

The work de.scribed in this ptiper was carried out by Hughes  Aircraft C:ompany,  Ek.ctro Optical Systems, under
Contract #958996 with the Jet Propulsion Moratory,  Califc]mia Institute of Twhnology,  qxmsoral by the
Nationrd  Aeronautics and Spau! Administration.

Particular credit is due M. Barr, G. Fleischman, D. Gilman, Y. Lin, R. McVey,  P. Mayner,  G, Pavlina,  T.
Pollock,  K Price, S. Solosky, B. Wolf, and A. Wong.  of Hughes, ad J. JOIE+  and R. Rcw., Jr. of JJL who=
dedication and diligenw  in identifying and redving  the issues al,d challcmga  at c deeply appreciated.
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